o S LY

S A
ol A e A
& =
e =

- ﬂ St [,
o A

5 §

VNiVERSiDAD ‘
DSALAMANCA 800 ArD§

CAMPUS DE EXCELENCIA INTERNACIONAL 1218 ~2018

La Palma Interferometer:
objetivos cientificos

Angeles Perez-Garcia

Departamento de Fisica Fundamental
GIR Astrofisica nuclear
Universidad de Salamanca

= Fetnando Gallege 1486



YN
+

i )

Favdme fo Hg® Argela: Bavassiias
. Aj

_'..{




Interferometer Facility Overview
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using the radio and optical interferometers of the world.

Monnier & Allen review



LPI: Fisica de eventos transitorios de duracion ultracorta

Algunos eventos de interés astrofisico aue ocurren en entornos o fuentes
. oy Ve . a b
de variabilidad ultra-rapida son :

- \ g ™ STRONG FORCE‘ WEAK FORCE
|\/|I||I-SeC0nd pu|SaI’S ;ésoo Energy
Fast Radio Bursts (FRB) B P

Short Gamma Ray Burts (GRB)

AN

400 -

. . -15 0 15 30 45 -15 0 15 30 45 — Radiation

Kilonovae (KN) o coalescencia NS Time + 28 April 2020 14:3433.04672 o m) Radioactive &
., Fig.1| Burstwaterfalls. a, b, Total intensity normalized dynamic spectraand Atom = e a
band-averaged time-series (400.1953125-MHz arrival time referenced to the

D ete C C I O n d e eXO p | a n eta S geocentre) of the detections by CHIME/FRE (a) and ARO (b), relative to the allows radiation Particle

° 0 Z geocentric best-fitarrival time of the first sub-burst based on CHIME/FRE data =
D ISCO acrecion B H For CHIME/FRB, the beam detection with the highest signal-to-noise ratio, s/v,  Dnels the nucleus of an atom

is shown. Dynamic spectraare displayed at 0.98304-msand 1.5625-MHz
resolution, with intensity values capped at the 1st and 99th percentiles.
Frequency channels masked owing to radio-frequency interference are
replaced with the median value of the off-burst region. The CHIME/FRE bursts

. show a ‘comb-like’ spectral structure owing to their detectionin abeam
K / sidelobe as well as dispersed spectral leakage that has aninstrumental origin ELEE TROMAGHEHC FQRCE GRAU! Tlrl

{see Methods).
CHIME col. burst SGR 1935+2154 : )
.

en ellos se pone de manifiesto la fisica extrema: |
# b e . %

intensos campos gravitatorios que crean densidades extremas 8
y emiten grandes cantidades de energia en eventos transitorios

R

Tdyn ~ —
Y v

holds galaxies together

holds alectrons in place

es del orden 1073 s

Fisica Fundamental en conjunto (+exética) explica de forma armoniosa
R~10°—10"cm la fenomenologia subyacente y nos permitira entender mecanismos
Y~ C internos con valor extra de multimensajeros: GW, neutrinos, rayos cosmicos



LPI: resolviendo estructura espacial/temporal Cygnus X1

Con las capacidades unicas de LPI seremos capaces de resolver escalas del entorno de 50 micro-arcsecond. Las
tecnologia ultra-rapida es capaz de resolver detalles espaciales/temporales y entender los mecanismos detras de
fuentes con alta variabilidad. RX en Chandra, IXPE, XMM-Newton
Los objetivos cientificos de LPI incluyen ' e
4 )
Resolucion de disco de acrecion de Cygnus X-1: un sistema binario
compuesto por un agujero negro (BH) 21Mo, rotando 800 Hz
y una supergigante azul HDE 226868 a 7000 anos luz. Descubierto en

\ 964. Y,

"+ Optical

Tipicamente a esa distancia resolucion espacial 17000 km

N ~ 19 -6
Hitos: 5~ 6.85 x 10 x 50 x 10°° x s CYENUS X1
., . ., New Observations - 20% Further from Earth
@tensmn del disco de acrecion de BH hasta la \
ISCO (innermost stable circular orbit)

-geometria y efectos Relatividad General: curvatura luz, lensing
-distribucion de temperaturas en disco

-formacién de jets: discernir escenarios

Donor Star Black Hole

21x mass of Sun

A
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|
|
|
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|
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Timescale 1073 s-1s

\-variabilidad en escalas temporales: plasmas, turbulencia /




LPI: llegd la hora de las estrellas ultradensas

La revista Nature en 2020 ya indicaba el inicio
de una nueva era en el estudio de estos objetos.

*Su interior ultradenso, gravitacionalmente
compacto, cuantico, relativista, magnetizado los
hace unicos.

Su  reqgularidad los hace  facilmente
identificables. 3000 conocidos en catalogos,
mayoritariamente radio, gamma, hasta el
momento detectados 6 opticos.

*Fuente de multimensajeros en fisica: fotones,
GW, neutrinos y rayos cosmicos acelerados en
sUs campos magnéticos.

*Poco después de 1964 de hallar Cygnus X1,
apareceria el primer pulsar (NS rotante) en 1967,
Bell+Hewish

nature

Ewglora conbant w  About the jownal ~  Publich with us « Saibric il Sagn wip Tor alarns 1 RES fosadd

» anide

The golden age of neutron-star
physics has arrived

These stellar remnants are someof the Universe's mostendgmatic objects — and they are
Firmally starting o give up their secrets.

o s fulll dccecs 1o this anticks via Universidad

i Salamanca Bibiotec
Listen to an audio version of this story —
Dowmioac] *

Related Articles

Hiwr b bliwsr ups a star

Wi o mrisisaive siar (B in 2 supesmniona, Lhe explosion is only e begimning of the ersd. Miost



Neutron Star

interior topology
M ~1.5M, A

outer crust
iron lattice, elechrons

inner crust

neutron fluid,

neutron-rich
N atomie nueiel

outer core
mucheons,
electrons,
hyperons,
. kaons

inner core
guark-gluon plasma

2R, ~ 30 km

WPIE-Bomn Polsar Group

Materia de la corteza

Estrellas de Neutrones

*Después de explosion de Supernova de estrella

con masa superior a 8 M_sol resulta objeto colapsado.

Estructura estratificada en capas, exterior crista
lino, interior fluido: n, p, electrons y otros
leptones y hadrones.

sInterior densidad superior a nucleo atomico 5-10 veces.

*Materia ultradensa y fria al cabo de dias.

*Efectos campos gravitatorio 1e5 veces superior
al sol. M/R~0.1, B~10"° Gauss (magnetars)

*M<2M sol, R<15 km.
eColisiones binarias NS, NS+BH

medibles GW y luz, proxima
mente neutrinos?

M (Mg)

R (km)

dP.*dt P (s!s)
S

A A LIlIIlI‘ 1 IJlJIIJJ .| IJI,',JLi =
102 107" 1 10

ms Pulsars P (s)



Deteccion de exoplanetas: ejemplo Alpha Centauri
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(a) The position of telescopes

Figure 3. The left figure shows the position of the four telescopes ((E,N) =
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(b) Model signal according to baselines

(0,0), (1,5), (3.4)

, 14,1)). The right figure shows the signal

according to each baseline for one-night observation. Here the colors of baselines joining the telescope have been taken as the same colors

as signals.

taken from Rai et al MNRAS 2022.

LPI ofrece la posibilidad de
estudiar perturbaciones de

astrometria orbital con gran
precision 50 pas.
Como ejemplo, para Alpha

Centauri A o B la existencia de
planeta generaria perturbacion
astrometrica

menor de 10 uas, la cual

podria determinarse

1e-6 de separacion entre las dos
estrellas

resolucidn necesaria 0.1 ns



Kilonovas: binarias NS y su contrapartida EM
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Fig.4 |Spectral seriesof AT2017gfo1.5-4.5 days after the merger. Data are

Kilonova AT2017gfoWatson et al, Nature 2019

Cowan RMP 2021.
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Rapid neutron capture
(r-process)

Neutron-rich ejecta
M~0.01M

v ~0.05-0.4c
Y,~0.1-0.4

Decompression
homologous
expansion

~1s

40 60 80 100 120 140 160 180 200

Heavy, neutron-rich,
radioactive elements

Thermal emission
(kilonova)

Ejecta

becomes
AN transparent

Bt

Heating due to
radioactive decays

Further

expansion LV

Para elementos mas pesados que el Fe, la captura
rapida/lenta de n respecto a decay débil marca r-
process— que luego decaen en optical-UV ’



Conclusiones

La fisica de eventos ultrarapidos domina eventos astrofisicos de extraordinaria importancia donde los
tiempos dinamicos son inferiores al milisegundo, con subestructura del rango de nanosegundos.

Se ponen de manifiesto la fisica de lo extremo: intensidad de campos fundamentales, materia
ultradensa. Hace falta nueva tecnologia SPADs capaz de poder capturar esta informacion.

LPI con sus capacidades Unicas de resolucion espaciotemporal sera capaz de marcar diferencia
cualitativa en la comunidad y discernir escalas antes no posibles, a través de interferometria de
intensidad. LPlI como telescopio Unico es equivalente a uno con espejo primario 15.4m permitiendo
realizar espectroscopia de objetos débiles, solo posibles con GTC actualmente.

Estudio de discos de acrecion (distribucion de T, plasmas, jets) alrededor de BH o emision de radiacion
durante FRB o very short GRBs, deteccion de exoplanetas seran posible. La subestructura de pulsos de
tamano ms sera accesible y permitira testar modelos sobre los mecanismos internos.

LPI esta concebida como una instalacion cientifica de vanguardia que se
ofrecera toda la comunidad astrondmica espafiola, con sinergias en el campo de
la comunicacion cuantica y la geofisica (sismologia).

Gracias




CONTEXTUALIZING CMOS SPAD AREA SENSORS
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REGARDING FACTS AND EXPECTATIONS: Hopes for SPAD Arrays S2

P
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;\ MW Strategic agendas forecast the ubiquitous deployment of miniaturized systems with vision capability

4IEEE

Bee-sized n ( ch l Aerial, 360

S fiying cameras «a ng ars virtual lrealrly
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g QUALCOMM EMERGING  VISION TECHNOLOGIES !

irong gl e oy Sy oy CISs lasted >30 years from first APS until
reaching plateau of productivity

expectations Activity beyond early adopters .

‘ 'Supp!ier #OQ Negative press begins ;ié%?;-t?‘;zw!h .. .
- [ SRS phase stars Computer Vision moved very rapidly
s \ T towards plateau of productivity according

Early & Supplier consolidation audlence has
B, 0 | astaiaes Nehodologes  adoped to Gartner data
and bes the innoyation
First- | praciice_s
jein. gk 4 — deveorr® SPAD Arrays foundations has been solidly

price, lots of |
customization |
needed |

Q rounds of venture
\ capital funding

ereosa, cut o built during ~25 years

box, product suites

Second-generation products, 3 D StaCked teCh nOIog ies are rapid Iy
some senices maturing and becoming available

Startup
companies, first

round of venture
Less than 5 percent of the potential

R& capital funding

audience has adopted full . = .
T — - — Moving to the plateau of productivity may
Trigger i Disilusionment Sop:of Enlightantoent Pmductivityr be close for SPAD Arrays

time

Source: (i) www.gartner.com; (ii) credit to Smashicon and Flaticon for the icons



CMOS IMAGE SENSORS: Basic Architectural Concept

t!!! |
N

%, CIS CONCEPT:
Silicon-based CMOS chips
Used at the front-end of camera systems

Rely of photo-electric effect to transduce optical scenes into
digital images (arrays of digital numbers)

U, BASIC ARCHITECTURE:
Array of pixels, each capturing a spatial image sample
Row and Column decoders for addressing Y- and X-positions

Readout circuitry to output data

- U, MANY POSSIBLE PIXEL ARCHITECTURES/CIRCUITS !!

Row Access Logic Circuitry
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KT, \ e 'ABQI I _ON ﬁ M.:. Ma.scs B:
8 lqm(mO)‘PlK and / J \.\:“:‘” =-\| | M, } _| —
[éml v, T o | —" "".i
p OFF M 1 {
x o % , \ll=_f ™ Mol
?ZZ“ = ENI | EN2
st ! reset =
$
ZS Fro s = differencing ) Vi
photoreceptor circuit comparators : EN3
. 'xl‘i\:.
4T-APS DVS Pixel o
Mascs | Mg

VDD

SPAD-SIPM Pixel Lo,



CMOS IMAGE SENSORS: Camera-on-a-Chip Concept

+3.3V +1.8V

On-chip sequen cer and waverform gen eration

Supply / Ref. Distribution

Ref. generation 4?

=
|
{_1;' | N H
| Power-on reset
: |
|
I
. I DT blocks
Pixel Array |
|
[ Master control :
|
=) :E-
I 5Pl
) —p
T —
I ) PR 24t i :$
: Analog memary — contraller
Column-parallel CD5 / PGA fayer
Calumn-parallel ADC layer

()
Clack gen L

Low-noise CIS floor-plan © TELEDYNE ANAFOCUS

l—b RezFs

AGHDREY

RESETH

TEMS_$ENS=1>
TEMP_SENG<0>

GATIO«E: On
TEST_DI
TEST_Df<l:.0=

500
301
SCH
55N

TRUGGER
EXp

S-4

=~ CMOS TECHNOLOGIES PERMIT TO CO-INTEGRATE

The sensor front-end
Many other functions

capturing images
required for camera systems

® Readout and Analog-to-Digital Conversion (ADC)

channels
® System control & programming
©® Image correction, calibration and pre-processing
® Data communications and image interface
® Clock generation
®© etc.
Lens —_ N S~ -
» Digital Image Sensor Chip® oo
\ >
| | (=)
Pﬂ:::g:or > Imr:ffgze - % g
Pixel Array ‘I < g ©
Sensor |53 C -
Control | E 8 o
Control // -g <> g
Interfac 0
[\Alaloque Raferem:esl | PLL | pZ = g §
~ - E
% S
o! -
Power G Camera Control block <9 3

®"T

A
csiC



SoOME REPRESENTATIVE HISTORICAL CIS MILESTONES S5 ‘%%;
CAMERA-ON-A-CHIP | COMMERCIAL BACK- COMMERCIAL BSI

MOS AcTIVE PIXEL

i i STACKED CIS
Array implemented Concept Implemented i SIDE ILLUMINATED CIS i

Readout Parallelization,

PINNED CIS PHOTODIODE | BSI, Wafer Stacking

Widely adopted !
1968 aely adop SoNny . adopted by major CIS
OMNIVISION | producers and fabless
: ETC. ; . companies
~2000 Lmar- ' ®Range Sensors (3D
P.J.W. Noble E : 5 SONY EXMOR RS . scenes)
| o | . © Single Photon Detection
2008 . Sensors
: . © Dynamic Vision Sensors
Etc.
Lo b o 2012
Y xa L, xa ! ! |
5 N 2 2 PHOTOBIDLY” - 1. Back-side illumination | | > 2020

H
3 RST : resettransistor

| AMP: amptransistor

! SEL - selecttansistor
! VSL : vertical signalline

i o
TRG: transter gate ey [T

substrate | FD - toatinganusion |
- —metal wiring

. — ‘TR microlens |
! BRS¢  °12x384 digital R + - colour filter |
B colorcamera | I =—photodiade || | P

2. Front-side illumination

microlens
Z colour filter

| —metal wiring

' l —photodiode
substrate

—

coL
BUS



ON THE RELEVANCE OF CISs: Imaging Techno Proliferation 56

e T

Medical A Ao
Systems Industrial
1 Automotive ¥ gy
1E+12 & Transport & Scientific
T1E+11
Video
1E410 Camcorders
~ 1E+09
3
- 1E+08
=
[=]
e 1E+07 Mobile Phones
=
% Eoe Security & g
E 1E+05 Surveillance H
2
T 1E+04 _
Exponential growth for DSLR & DSC

R . \
e i L ~180 years Cameras ﬁ%
1E+02 : -
. Consumer Notebook & tablets
1E+01 e Doubling factor ~5 years -
1E+00 -
1800 1850 1900 1950 2000 2050 - - —

Year

Viewer & Gaming
devices

©Renato Turchetta ©Yole Development

Source: R. Turchetta, “CMOS Image Sensors.” 2023 BARCELONA TECHNO WEEK.
YOLE DEVELOPMENT. https://www.yole.fr 6



SoME RELEVANT CIS CHALLENGES

Enlarged
Granularity and Responsivity

s B igem ! Ll o

F5i Pilll BSI pixel

Source: i) OmniVision; i) ChipWorks; iii) Sony

Embedding of image Analysis
and Vision Tasks at the Sensor
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\ <7 M i
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Detecting :
Grayscale ) Image A ) Suppression
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conversion pyramid i a e
Draw Box

Pipeline for pedestrian detection

e
<

Source: SYNOPSIS white paper on embedded vision

Source: AnaFocus Eye-RIS .
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Larger Sensor Formats and Speed
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LIGHT-TO-ELECTRICAL TRANSDUCTION IN CMOS: Integration Mode so
VDD i
Reset
RESET o s ngg& &
§§ _‘ ouT ‘% (\ : @
" n+ m
! l&mnnbj ZS Vv c-n‘
|3 ~¥
p-epi o
LA —
Cph
\ — —t—
Vph - VReset_C_Texpos
ph
f/l
" Inverse region %Sigﬂﬂ' power controlled by:
— h | © Photo-current, |,
Iplh O Integration time Texpos
. l ® No Intrinsic Gain
7 .0 v Photocurrent power is only a fraction of
lon = Ag- Pal, > s light power
® No timing information available




NOISE SOURCES IN Integration Mode CISSs

U TEMPORAL NOISE

Microscopic fluctuations produce time-varying
random errors in pixel voltages and currents

Can be only partially corrected: CDS, CMS

p-epi
p-substrate

Memory
Amplification
Sampling

(

PIXEL CONTROL BUFFERS

S-9 g&

U

& SPATIAL NOISE

CSIC

Caused mostly by mismatches that
produce Fixed Pattern Noise

Can be corrected through
calibration
I | | | | | I |
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Low Noise CISs: lllustrative Example

U TELEDYNE-ANAFOCUS ULN5.3

» Images at different
integration time 1/60 s

ULNS.3

Night level 2 with
10 mlux at F#1

Night level 3 with
5 mlux at F#1

Night level 4 with
1.5 mlux at F#1

light conditions

ONYX1.3M

CIS2521

and

CIS2521

ULNS.3 ONYX1.3M Cls2521

Night level 5 with
0.69 mlux at F#1

© ULNSL.3 achieves higher image quality than CIS2521
using the same pixel pitch

© ULNS.3 has similar image quality to ONYX1.3M using
a smaller pixel

© Readout architecture and the pixel optimization
conceived for ULN5.3 permit downscaling the pitch
x0.56 without degrading performance

O Indeed, ULNS5.3 has better noise behaviour than
ONYX1.3M

Designation

Night Level 1 Night Level 2 Night Level 3 Night Level 4 Night Level 5

Light source Full moon Half moon

)

Partial moon Clear Stariiiht Overcast Starliihl

.

”

IlluminationRange | 40-1000 mlux 10-40 mlux 2-10 mlux 0.7-2 mlux 0-0.7 mlux




REFERENCE TARGET FOR SPAD-BASED ARRAY SENSORS

Teledyne Visible and IR detectors for Euclid

* Euclid is the European Space Agency’s next
flagship astronomy mission.

S-11

R

* Target launch date is 2021. -
* Euclid has a 1.2-m diameter large field of
view telescope with visible and infrared

arrays produced by Teledyne:

* 600 million visible pixels

~
o
L

* 36 4Kx4K (16 Mpix) CCDs R
* 64 million infrared pixels %

* 16 H2RG (4 Mpix) SWIR arrays 3"

* 16 SIDECAR ASIC modules 240 -

* Largest IR focal plane array when it launches 30

+ 24 flight candidate H2RGs delivered to NASA

* NASA tested and delivered 20 flight grade
H2RG arrays to ESA, all of which greatly 10 -
exceed requirements

-
-------

Euclid Specs

@ i SPACE FLIGHT CENTER
{ } | { |

T = 100K

700

500, 5001000 13007 120035002400, 1500 3600 17001900 1500-2000 2400 22002500 24002500
Wavelength, nm
Quantum Efficiency
of 24 flight candidate H2RGs
Measured by Goddard SFC Detector
Characterization Laboratory

| e2v CCD 273-84 | !
I crcsc B orcsce 1
(top view) (bottom view)

Teledyne Imaging Sensors A%, TELEDYNE IMAGING
H2RG PN Evorywhoreyouiook
2Kx2K pixels, 18um pitch 13

Q
2
o



LIGHT-TO-ELECTRICAL TRANSDUCTION IN CMOS: Avalanche Mode $-12

R~Photodiodes can be biased
at different regions with
different gains !!

- A
=
L’L)\ + g
=]
Lo =
m
\ v 2
Photons o
7]
- <
I m

INVERSE REGION: # photo-charges < #photons

No Intrinsic Gain

L, AVALANCHE REGION: #photo-charges ~ #photons

Intrinsic Gain

O Linear, Incremental Mode « - -

O GeigerMode <« -~~~ ~—-

&

R

csi

o

Avalanche behaviors must be
carefully assessed using
dedicated Technology evaluation
CAD (TCAD) tools !!

Photon

Electric Field (V/cm)
==5.28e+05

Guard Ring; lowers
electric field at the
edges to
E~2x10°V/cm

=1.32e+05|
e




AVALANCHE PHOTODIODES: Operation Sequence in Geiger Mode 513
i
I
Vi i
A
-
O ° \ t
Vp =——r—
Photon : > vy phcff
L e s i) L
VBD VBD + VE'X
oV, Vo
@ Biasing above breakdown: Vi, ---
Q&R @ Avalanche triggering by single photon
events

@ Avalanche quenching:
p— Passive quenching
Active quenching

@ Recharge to original bias conditions

Source: M. Sze and K.K Ng, PHYSICS OF SEMICONDUCTOR DEVICES, John Wiley & Sons 2007.
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IMSE CIS-CVIS Lab, "Characterization-Based Modeling of Retriggering and After-pulsing for Passively Quenched CMOS SPADs". IEEE SENSORS JOURNAL, VoL. 19, JuLy 2019.



AVALANCHE PHOTODIODES: Some Relevant SPAD Metrics saa B

Y DEAD TIME
Minimum time between consecutive, detectable photons

% PHOTO DETECTION EFFICIENCY

Percentage on the impinging photons that are detected and produce
avalanches

Depends on the Photo Detection Probability and the Avalanche probability
Largely dependent on wavelength and the excess voltage

U, NOISE SOURCES
DARK COUNT RATE (DCR) due to thermal carrier generation, tunneling, etc.
AFTER-PULSING (AP) due to carrier trapping, etc.
CROSSTALK in SPAD arrays due to diffusion from adjacent locations, etc.

TIME RESOLUTION
Characterizes the accuracy/precision in time stamping photo arrivals

Limited by the procedure employed to measure the time instances of

avalanches
Limited by the delays attainable in the technology
Limited by time uncertainty - JITTER

&1
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SPADs SENSOR FUNCTIONS: Photon Counting and 2D Imaging 5-15 ‘{;?f
& PHOTON COUNTING % QUANTA IMAGING
Enable Enable  [o] 0] 0] 1] l_L
sea0 _\ N AN AN sea0 _\_ N\ AN AN N
T Enable N-bit counter T Enable 1-bit memory
JANIR! —r—n | Y™ JANIR
E—M> i |—ﬂ— E_DL @/-g-_] Ii"Ut

Enable Analog counter 2"-1 exposures
ZS El J J_’_,—""— V(N @ %
r— >

Source: E. Fossum et al., “The Quanta Image Sensors: Every Photon Counts,” SENSORs MDPI, Vol. 16, 1260, August 2016.




SPADs SENSOR FuNcTIoNs: Time-of-Flight - II sa0 &

sy
CsIC

TRANSMITTER
& DIReCT TIME OF FLIGHT concept:

Light (laser) emission /( )
Light reflection by the object of interest (target) [

STOP

,g Single
Reception of the reflected light and time signalling by Dhorfés cAt
the SPAD EZIX AL (Y d = -
Calculation of the distance to the target taking into | Dotoctor = BISPLAY
account the speed of light ) > RECEIVER
Y TIME MEASUREMENT THROUGH TDC (TIME-TO-DIGITAL CONVERTER) Y TIME MEASUREMENT THROUGH TIME GATING
M exposures M x K exposures
K exposures
L 4 \ °
— | Enable | L - (G =
§ — §IJ‘V\‘ 2 | Laser _I'lJ'I_I"lJ'L
$ | TDC Ntur ° *(6 1 —, |5
& | - o [Enave [ B[] 1 ‘ f \
2 | spap \ bin e -
i= | SPAD - >
A / = e NN :
® Power-hungry © Background light rejection rejection
@ Large pixel pitch © Small pixel pitch
© Good resolution @ Worse temporal resolution

© Fast ® More exposures



PLANAR VS 3-D STACKED MULTI-FUNCTIONAL PIXEL SENSORS $-17 %

csic

There are TRADE-OFFS inherent to allocating sensing devices and processing/control circuitry in a
shared silicon substrate, as it happens in planar technologies

Mixed-signal
processing circuitry

Analog and digital
memories

T

Photodiode

T Sensing area @ l Processing area T Processing area m l Sensing area
© Fill factor T @ Fill factor |
© Sensitivity to light T Sensitivity to light |

© Image resolution T Image resolution |

© ® &

@ Built-in intelligence | Built-in intelligence T




PLANAR VvS. 3-D STACKED FPAP-CVIS s-18 ‘%

R~ TRADE-OFFS can be relaxed by resorting to 3D stacking

© Fill Factor T
© Sensitivity to Light T A o of 5 A s # o s
© Image Resolution T FAFFS A A A A
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© Built-in Intelligence T

Source: IMSE CIS-CVIS Lab, “CMOS-3D Smart Imager Architectures for Feature Detection”. IEEE J. EMERGING SELECT. ToPICS CIRCUITS SYST., Vol. 2, pp 723-729, 2012.



3-D STACKING: A KEY INGREDIENT FOR SMART CISs $19

/] Pentagon Contract Goes to [rvine Sensors:\
Los Angeles Times, 1991
| v g

Pentagon Contract Goes to Irvine Sensors: Irvine Sensors Corp., a Costa Mesa firm
developing a technology to stack computer chips in a package the size of a sugar cube,

said Tuesday that it has won a $500,000 contract from the Army to develop

\ technology for a new class of missile warning sensors. /

RAW SENSOR DATA

v

EXTRACTED FEATURES — __us®
AND REGIONS OF INTEREST :

tier 0:
adaptive sensor interfacing

tier 1:
.. full-scale mixed-signal processing
distributed ADC and memory

tier 2:
Coarse/fine grain topographic

FEATURE CLUSTERING AND digital processors

MORPHOLOGICAL DESCRIPTION

v

INTERACTIONS OF
DESCRIPTIVE ELEMENTS, EVENTS

v

HIGH LEVEL
SYMBOLIC REPRESENTATION

tier MN:
Coarse/fine grain topographic
digital processors

tier N+1:
~ Non-topographic digital processors

tier N+M:
Nan-topographic digital processors

© IMAGE RESOLUTION: Minimum amount of
data required for processing ?

© PROCESSING CAPABILITIES:

processing primitives T elementary cell
area T processor grain l

Local storage !?

Power consumption !?

Resilience !?

© PROCESSING PRIMITIVES:
Programmable spatial filtering ?
Image enhancement ?
Edge detection ?
Local extrema detector ?
etc. ?

O SENSOR-TO-PROCESSOR MAPPING:
Raw subsampling ?
Compressed sensing ?
Binning ?
etc. ?



MICRO-TECHNOLOGIES TREND FROM CIRCUITS TO AUTONOMOUS MICROSYSTEMS:0 ‘%

Gas
csiC

More than Moore (MtM) Diversification

E 2=
= B
= MEMS  Biochips
(1]
2005 c ){‘“a _ Sensors
— . . ?h; Imagers &’ /MEMS
I More than Moore: Diversification 8 — ' Memory
OIS z g = Processor
e Cas@EDE B -
§ & 1300m bl ® S &._;--
“ E“ al e.m.flronmen § o
g H s i g 3D Integrated Circuits
= = 65nm
@ E ': 45nm Processing
SOME SIGNIFICANT INGREDIENTS £l ¢ -
g| S 32am || oo
Transistor Scaling (Moore’s Law) ol % 3
Multi-Core Von Neumann § v )
Processors = PROCESSORS
B CMOS
MEMs and Heterogeneous C{D storace  0°
Integration
3D Stacking s —P
Energy Harvesting e
Non-conventional processing More Moo re
paradlgms and AI More than Moore
....... etc.

Source: P. Saffo, INSTITUTE FOR THE FUTURE, Memlo Park California
https:/lirds.ieee.org/ INTERNATIONAL ROADMAP FOR DEVICES AND SYSTEMS ™
Wikipedia — THE FREE ENCYCLOPEDIA



EXAMPLES OF 3-D STACKED SMART CISSs: Low-Noise CIS

Q{) Low-NoISE CIS ANDTRANSITION FROM PLANAR TO 3-D STACKING TECHNOLOGY
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EXAMPLES OF 3-D STACKED SMART CISS: Low-Noise CIS

VSL
(Intensity) Pixe
: I4F'$ 4
rra
VESL
(Event)
y
i Von __~
Cu-Cu Vreset -
Connectlon.‘.. | Voff < GRST RS
RSTl Sample w Imegace I
Hold State Logic
T Comparator [

| sEL

VSL 1 Pixel Unit Circuit
(Intensity)

SONY

2x2 Shared Front-end

VESL
(Event)

S-22
A Coming back to synchronous systems!
Column Driver
Pixel (Top) Pixel (Bottom)
(=1
i : : E
L | or e ovmo 5
¢ tel ON_ouT =g
Cu-Cu|—||—~| : s Logic forrour | ‘&
_{_— OFF |Storags | OFF HLD g
/0_ Cell U;
I Reset lg
LOGA SF CFA Comparators Event Storages In-pixel Logic

Source: A. Niwa et al., “A 2.97um-Pitch Event-Based Vision Sensor with Shared Pixel Front-End Circuitry and Low-Noise Intensity Readout Mode.”

ISSCC FEB. 2023.

Y. Suh et al., “A 1280x960 Dynamic Vision Sensor with a 4,95um Pixel Pitch and Motion Artifact Minimization.” 2020 /EEE INTERNATIONAL

SYMPOSIUM ON CIRCUITS AND SYSTEMS (ISCAS), 2020.



EXAMPLES OF COMMERCIAL SPAD ARRAYS 523

ST VL53L5: Silicon Description

VL53L5 specific silicon functionalities:
Reference SPAD array

Microcontroller
VVCSEL Driver

!ism*n;",“?"- HARAN
. i ‘- -

Return and reference
SPAD arrays

16 histogram parallel
Readouts (64 obtained by
scanning by 4)

Autonomous ranging
specific management

Return SPAD
array

© Sara Pellegrini @ ST MICROELECTRONICS

Full histogram processing

Source: Sara Pellegrini, FRom CIRCUITS TO SENSORS. AlDinnova Course at CERN.



EXAmMPLES OF COMMERCIAL SPAD ARRAYS 5-24 “;

csic

Unlimited Applications

: Clearing robot i Py
blets Jlear ‘obots
Lighting Laptops Tablets eaning robo

Service
Robots

O — m Smart home VLSBLS f'[‘

AR/VR
dustrial
l -
Faucet =
Public Parking
(9) O
Logistics
Phones  \Wearable & @

loT ’
P ' Medica

Dispensers - Farming

Drones

1
i
B

Projectors

Vendin
machine

=]

White Goods e Warehouse

K,I © Sara Pellegrini @ ST MICROELECTRONICS

life.augmented

Source: Sara Pellegrini, FRoMm CIRCUITS TO SENSORS. AlDinnova Course at CERN.



PROJECT PREDECESSORS: Betelgeuse Diameter Measurements with SPADs s PE;

CSIC

B

Buffer tree AER readout:
Camera 7 TRRRRRRRRNTA |

housing ;

Telescope |

‘>\
-
L
o
g
[+
e

on
[}
—
(=W

+ pulse s

' . !
TEVE ISPSEIN S I EISMTES LS TT ORI _I]

& EXPERIMENT

Measurement of Betelgeuse's diameter of while occulted by
the asteroid Leona during the night of 12 December 2023
& CMOS SPAD ARRAY SENSOR
64 x 64 event-based sensor array in 110 nm
Time-gating measurement
, 24.5 um pitch
< L > 3.5 % fill factor
~25 psec jitter

50 mm

Source: IMSE CIS-CVIS Lab, “Dynamic Vision With Single Photon Detectors: A Discrete DVS Architecture Using Asynchronous Sensor Front-Ends.” JEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS, 2025



SOME PROJECT TARGETS AND CHALLENGES AND STATE-OF-THE-ART PROGRESS s ‘%

Gran formato (> 2000 x 2000 pixeles; 1 pixel = 20 micras), lo que
implica una gran drea por chip.
Tecnologia apilada en 3D para alcanzar un factor de llenado de
cada pixel cercano al 100% (superior al 95%) sin uso de microlentes.
El factor de llenado es el porcentaje del drea total del pixel que es
sensible ala luz.
o Utilizacién de técnicas de Backside lllumination (BSI)
o Integracion vertical a nivel de obleas:
= sensoresy
= circuiteria de control y lectura de los SPADs
Alta eficiencia de deteccidon de fotones en un amplio rango
espectral en el rango visible: 30% a 350 nm, 80% a 550 nm, 30% a
9200 nm.
Resolucién temporal inferior a 30 picosegundos.

Tasas minimas de corriente de oscuridad!®

Ademdas, para mejorar la resolucién temporal y permitir realizar interferometria
de intensidad en el visible con varios telescopios, serian necesarias dos
funcionalidades especificas:

Decimacion de datos'! y
Asignacién de una marca de tiempo a cada pixel.

:/?
¢
&

The sensor as it is not available in
the existing art

Many of the specs are far away
from the current existing art

Some specs may be close to
physical limits

U TECHNOLOGY CHALLENGES
Stitching technique will be needed due to the large
format
Three stacked layers may be needed:

©® Light sensitive Tier for sensing devices
©® Pixel circuitry Tier for SPAD Control and readout
©® Processing Tier for data processing and feedback
control
U, SPAD SENSOR CHALLENGES

Extensive and intensive iteration cycles needed:

TCAD simulations Technology tuning
design - Electro-Optical Characterization

Pixel

Peak PDEs may be close to physical limits

Spectral PDE uniformity at low and high wavelengths
require involved device engineering

U SPAD PIXEL CIRCUITRY
TDCs needed for the required time resolution
Large sensitive area may compromise Jitter
% PoST PROCESSING
Supervisory functions require innovative processing



THANKS A LOT FOR YOUR ATTENTION !!



